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NEW & NOTEWORTHY

We examined the neural correlates of crossmodal prediction error in audiovisual speech in schizophrenia. Interestingly, we found intact audiovisual incongruence detection in the auditory cortex for patients with schizophrenia (SZP) and healthy matched control participants (HC). However, we found that the enhanced frontal theta-band power, which reflects crossmodal prediction error processing in HC, was absent in SZP.
LEARNING STIMULUS REGULARITIES allow us to correctly predict future events. In case of a mismatch between predicted and actual events neural activity that relates to the processing of the prediction error (PE) is observed (Rao and Ballard 1999) . Failures in correctly predicting future events likely contribute to the schizophrenia (SZ) psychopathology, including delusions and hallucinations (Fletcher and Frith 2009) .
Previous studies using unisensory stimuli, such as auditory speech, have shown altered PE processing in SZ (Ford et al. 2014; Ford and Mathalon 2012) . In our environment, however, stimuli occur in different sensory modalities and predictions need to be generated across the senses. Whether SZ patients (SZP) show alterations in crossmodal PE processing is unknown. Given that an increasing number of studies report abnormal multisensory processing in SZP, the investigation of crossmodal PE processing will further our understanding of the neural mechanisms underlying impaired multisensory integration in this patient group. Overall, there are thus far still relatively few studies that have investigated multisensory processing in SZP (Tseng et al. 2015) . One behavioral study in SZP revealed a diminished benefit of viewing lip movements for the recognition of auditory speech that is presented at an intermediate noise level (Ross et al. 2007 ). Moreover, an electroencephalography (EEG) study suggested altered audiovisual processing, as reflected in event-related potentials (ERPs), using nonspeech stimuli (Stekelenburg et al. 2013 ). Together, this suggests a multisensory integration deficit in SZP (Ross et al. 2007; Stekelenburg et al. 2013 ; but see Martin et al. 2013) .
A neural mechanism that has been linked to multisensory processing in healthy participants is synchronized oscillatory activity (Van Atteveldt et al. 2014; Senkowski et al. 2008) . Neural oscillations are involved in perceptual processing (Engel and Fries 2010) and contribute to the computation of crossmodal PE in audiovisual speech (Arnal et al. 2011; Arnal and Giraud 2012) . Using magnetoencephalography (MEG), Arnal et al. (2011) observed an enhancement of theta-band (i.e., 4 -7 Hz) phase synchrony in higher speech processing areas during the presentation of congruent audiovisual speech in healthy participants. The same study revealed elevated beta-band (i.e., 14 -15 Hz) phase synchrony and gamma power (i.e., 60 -80 Hz) in higher multisensory areas when crossmodal predictions were violated. Recently, Lange et al. (2013) found increased theta-band power in the auditory cortex during the processing of incongruent compared with congruent audiovisual speech. Interestingly, altered oscillatory responses in unisensory paradigms have been reported previously in SZP (Grützner et al. 2013; Popov et al. 2014 Popov et al. , 2015 Uhlhaas and Singer 2010) . For example, SZP show altered frontal thetaband power during the processing of color-word incongruence (Popov et al. 2015) . This finding is in line with the proposed crucial role of dysfunctional oscillations in the frontal cortex for the SZ psychopathology (Senkowski and Gallinat 2015) . Notably, a recent study indicated that altered neural oscillations also contribute to multisensory processing deficits in SZ (Stone et al. 2014) . Hence, dysfunctional neural oscillations might underlie altered crossmodal PE processing in SZ.
In this high-density EEG study we investigated crossmodal PE processing in SZP and healthy control participants (HC). We adapted an audiovisual speech paradigm for which robust crossmodal PE has previously been reported in healthy participants (Arnal et al. 2011) . Exploiting the temporal delay between visual and auditory information in natural audiovisual speech enables the formation of phonological predictions based on visual information before the auditory onset. The scaling of PE is reflected by predictability. High predictability induces strong expectations, and low predictability induces weak expectations. The expectation is violated in the incongruent condition and results in a stronger or weaker PE. This allows examination of the neural responses elicited by visually induced predictions and PEs emerging during audio-visual integration when predictions are violated. In agreement with Arnal et al. (2011) our main hypothesis was that oscillatory activity in low and high frequencies contributes to different aspects of crossmodal PE processing. Moreover, we expected crossmodal PE processing, as reflected in oscillatory activity, to be disturbed in SZP.
In the present study we investigated crossmodal PE processing in ERPs and oscillatory power in SZP and HC. With respect to oscillatory activity, we investigated power in lower (i.e., 4 -30 Hz) and higher (i.e., 30 -100 Hz) frequencies and explored whether any deviances in SZP relate to the psychopathology. The present study revealed similar detection of audiovisual incongruence in the auditory cortex of SZP and HC in ERPs. In addition, we found group differences in theta-band oscillations that were source localized in the frontal cortex and linked to the SZ psychopathology.
METHODS
Participants. Twenty-two patients with SZ were recruited from outpatient units of the Charité-Universitätsmedizin Berlin. All patients fulfilled the DSM-IV and ICD-10 criteria for SZ and no other psychiatric axis I disorder. Severity of symptoms was obtained by the Positive and Negative Syndrome Scale (PANSS) (Kay et al. 1987) . In accordance with the five-factor model, symptoms were grouped into factors "positive," "negative," "depression," "excitement," and "disorganization" (Wallwork et al. 2012) . Because of an insufficient number of trials in EEG data (i.e., at least 30 trials per condition), five patients were excluded from the analysis. Data from 17 patients (5 women, 12 men; 35.24 Ϯ 7.73 yr) and 17 education-, handedness-, sex-, and age-matched HC (4 women, 13 men; 36.00 Ϯ 8.29 yr), who were screened for psychopathology with the German version of the Structured Clinical Interview for DSM-4-R Non-Patient Edition (SCID), were subjected to the analysis (Table 1) . In all participants the Brief Assessment of Cognition in Schizophrenia (BACS) was performed (Keefe et al. 2004 ). All participants gave written informed consent and had normal hearing as well as normal or corrected to normal vision and no record of neurological disorders. None of them met criteria for alcohol or substance abuse. A random sample of 45% of participants underwent a multidrug-screening test. The study was performed in accordance with the Declaration of Helsinki, and the local ethics commission of the Charité-Universitätsmedizin Berlin approved the study.
Stimuli. Video clips of an actress uttering the syllables /Pa/, /La/, /Ta/, /Ga/, and /Fa/ were recorded with a digital camera (Canon 60D, 50 frames/s, 1,280 ϫ 720 pixels, 44.1 kHz stereo audio) and exported with 30 frames/s (Apple Quicktime Player, version 7). The clips of the syllables were converted to grayscale and equalized in their luminance with the SHINE toolbox (Willenbockel et al. 2010) . Visual stimuli were presented on a 21-in. CRT screen at a distance of 120 cm, and auditory stimuli were presented via a single, centrally positioned speaker (Bose Companion 2). To minimize eye movements, a small white fixation cross above the mouth at the philtrum was added to all clips. The video clips were presented with a frontal view displaying the face (visual angle ϭ 5.95°ϫ 7.36°) on a black background. All syllables were presented with the real audiovisual onset asynchrony at 65 dB (SPL) ( Table 2) .
Experimental design. The experiment consisted of 640 trials that were presented in 16 blocks. Each block had a duration of ϳ3 min. Stimuli were controlled via Psychtoolbox (Brainard 1997). Different types of congruent and incongruent audiovisual syllable combinations were presented (Table 3 ). Congruent syllable trials contained matching audiovisual syllables (e.g., visual /Pa/ and auditory /Pa/), whereas incongruent syllable trials contained nonmatching audiovisual syllables (e.g., visual /Pa/ and auditory /Ta/). Pilot data verified that syllables differed with respect to the predictive power of visual on auditory stimuli. In visual speech the concept of predictability refers to the lip movements and speech gestures, which depend on the place of articulation in the vocal tract. Hence, lip movements convey phonological predictions, which differ in their degree of specificity across different syllables. For instance, syllables including consonants formed at the front of the mouth (i.e., /Pa/) convey more specific predictions than those including consonants formed at the back of the mouth (i.e., /Ga/). In accordance with a previous study (Arnal et al. 2011 ) and in line with our pilot data, we selected syllables in which the visual input was high (e.g., /Pa/ and /La/) or low (e.g., /Ga/ and /Ta/) predictive for the auditory input (Fig. 1) . Four types of audiovisual stimuli were presented: high-predictive congruent (e.g., /Pa/ ϩ /Pa/); high-predictive incongruent (e.g., /Pa/ ϩ /La/); low-predictive congruent (e.g., /Ga/ ϩ /Ga/); low-predictive incongruent (e.g., /Ga/ ϩ /Ta/). The neural correlates of the PE are expressed in the difference between congruent and incongruent trials within each level of stimulus prediction, i.e., low and high. Thus the factor Predictability reflects the scaling of the PE, which was expected to be larger in high-predictive compared with low-predictive trials. The strongest PE results from incongruent and high-predictive syllables. A weaker PE results from the presentation of incongruent and low-predictive syllables. We included audiovisual and visual-only catch trials to warrant sustained auditory and visual attention during the experimental blocks. Audiovisual catch trials comprised 96 trials in which the visual syllables /Fa/ (n ϭ 48), /Pa/ (n ϭ 12), /La/ (n ϭ 12), /Ga/ (n ϭ 12), and /Ta/ (n ϭ 12) were combined with the auditory syllable /Fa/. Visual-only catch trials (n ϭ 64) consisted of a white circle that appeared randomly for 270 ms during audiovisual syllable presentation at the position of the fixation cross. Participants had to press a button with their right index finger when they heard the syllable /Fa/ or when they detected the white circle. The EEG data of catch trials were not analyzed.
Acquisition and processing of EEG data. Data were recorded with a 128-channel active EEG system (EasyCap, Herrsching, Germany), including one horizontal and one vertical EOG electrode (online recording: 1,000-Hz sampling rate with a 0.016-to 250-Hz band-pass filter; offline filtering: downsampling to 500 Hz, 1-to 125-Hz FIR band-pass filtering and 49.1-to 50.2-Hz, 4th-order Butterworth notch filtering). The 128-electrode montage covered electrodes in the usual 10 -20 System space. No electrode was placed below the horizontal plane. To correct for EOG and ECG artifacts, independent component analyses were conducted (Lee et al. 1999) . After visual inspection, 14 Ϯ 0.6 (SE) independent components for SZP and 15 Ϯ 0.9 components for HC were rejected. Remaining noisy channels (SZP ϭ 16 Ϯ 1.2; HC ϭ 15 Ϯ 1.4) were interpolated with spherical interpolation. Extracted epochs of Ϫ1,000 ms to 1,000 ms around auditory onset were rereferenced to common average. For ERP analysis epochs were filtered (2 Hz high pass, 2nd order, 35 Hz low pass, 12th order 2-pass Butterworth filter) and baseline corrected using an interval from Ϫ500 ms to Ϫ100 ms prior to sound onset. In the analysis of oscillatory power we explored a range from 4 to 100 Hz. Since we did not find robust modulations relative to baseline of high-frequency (i.e., Ͼ30 Hz) responses, we focused the analysis on 4 -30 Hz. For the analysis of oscillations multitaper convolution transformation with frequency-dependent Hanning windows was computed in 1-Hz steps (time window: ⌬t ϭ 3/f; spectral smoothing: f ϭ 1/⌬t). Averaged oscillatory power was baseline corrected (relative change) from Ϫ500 to Ϫ100 ms prior to sound onset.
Analysis of behavioral data. For the analysis of reaction times (RTs) to audiovisual catch trials, a repeated-measures ANOVA with factors Group (SZP vs. HC) and Condition (congruent vs. incongruent) was conducted. The factor Predictability was not investigated, because of a lack of systematic variation in audiovisual catch trials. For the analysis of RTs to visual catch trials, a t-test was conducted between groups. Since hit rates (HRs) for audiovisual and visual catch trials were at ceiling level, nonparametric Mann-Whitney U-tests were calculated to compare between groups. Wilcoxon signed-rank tests were computed to compare congruent and incongruent HRs within groups. The significance level in Wilcoxon signed-rank tests was set to a Bonferroni-corrected P value of 0.0125.
Analysis of EEG data. In line with previous work (Johnson et al. 2005; Schneider et al. 2008 Schneider et al. , 2011 , our analysis of event-related activity focused on global field power (GFP; Esser et al. 2006) . The reason for examining GFP instead of a priori-defined ERP components was that we did not have specific hypotheses on when and where The different places of articulation (POA) are indicated in the top row. Differences in latency between visual and auditory onset (AO Ϫ MO) are indicated in the bottom row. The center columns show the visual and auditory syllables. The audiovisual Fa catch trials comprised 96 trials. Additionally, 64 visual-only catch trials were presented. In total, 640 trials were presented. HP, high predictive; LP, low predictive. differences between groups would occur. A more global measure, such as GFP, only reflects strong and global effects, i.e., effects that are concurrently present at a large number of electrodes. The analysis of oscillatory responses focused on oscillatory power to high-and low-predictive congruent and incongruent trials. For each condition 84 Ϯ 10 trials for SZP and 88 Ϯ 12 trials for HC were entered into the analysis. For the statistical analysis, GFP and oscillatory responses to incongruent and congruent conditions for SZP and HC were subtracted (e.g., responses to high-predictive congruent syllables were subtracted from responses to high-predictive incongruent syllables). We focused the analysis on group differences with respect to the PE, which was expressed as the difference between neural responses to incongruent vs. congruent trials. Importantly, within each condition (high predictability, low predictability) the auditory and visual syllables were identical across incongruent and congruent trials. The analysis of differences between incongruent and congruent trials for the high-and low-predictive conditions also ensured that physical differences between syllables used for the high-and low-predictive conditions could not account for the findings. The differences between congruent and incongruent syllables were entered into running repeated-measures ANOVAs with the factors Group (SZP vs. HC) and Predictability (low vs. high). GFP was calculated across all scalp electrodes as a measure of electric field strength separately for all conditions. Similar to previous studies (Kissler and Herbert 2013; Kissler and Koessler 2011) , we applied a running ANOVA approach. Based on the analysis of Arnal et al. (2011) , running ANOVAs for GFP data were computed for each sample point in a 0 to 500 ms interval following auditory syllable onset. To account for multiple testing, a time stability criterion of at least 20 ms was applied (Guthrie and Buchwald 1991; Picton et al. 2000) . Cortical sources of main effects or interactions in the analysis were visualized by a local autoregressive average (LAURA) analysis using Cartool (Brunet et al. 2011) . To this end, grand average EEG data were fitted into a realistic head model comprising 4,024 nodes. Source space was restricted to gray matter of the Montreal Neurological Institute (MNI) average brain, divided into a regular source grid with 6-mm spacing. For each group and predictability level the source solutions of the congruent condition were subtracted from the incongruent condition.
To examine effects in neural oscillations, we followed the experimental protocol of our recent audiovisual speech processing study (Roa Romero et al. 2015) . Oscillatory power (4 -30 Hz) was analyzed for a region of interest (ROI) encompassing 10 fronto-central electrodes. This fronto-central ROI was selected in agreement with previous studies, which have shown that activity at fronto-central electrodes reflects auditory processing in specific auditory paradigms (Giard et al. 1994; Hermann et al. 2014; Potts et al. 1998) . Running ANOVAs with the same factors as in the GFP analysis were computed for each sample point and frequency in a 0 to 1,000 ms interval following auditory syllable onset (Schurger et al. 2008 ). Because of low temporal resolution of the time-frequency transformation, a time stability criterion of at least 100 ms was applied. For illustrative purpose, we calculated the sources of this scalp-level effect. First we applied a fast Fourier transform to the significant time-frequency windows obtained in the ANOVA (i.e., 7.5 Ϯ 2 Hz). Then, source estimations of oscillatory responses were computed for the center of this frequency window (7.5 Hz). For each participant oscillatory power was projected into source space with a dynamic imaging of coherent sources (DICS) algorithm (Gross et al. 2001) . To this end, all conditions were combined and sensor-level cross-spectral density was calculated for an interval between 100 and 500 ms after auditory stimulus onset and a baseline interval between Ϫ500 and Ϫ100 ms prior to auditory syllable onset. A common spatial filter was computed on the combined data, and boundary element models based on individual magnetic resonance images (MRIs) were calculated. Each condition was projected into source space through the common filter. Finally, source activity was interpolated onto individual anatomical MRIs, normalized to the MNI brain and averaged over subjects. Pearson correlations were computed between PANSS scores, antipsychotic medication, and EEG data in SZP. To examine the influence of antipsychotic medication, medication dosage was converted to chlorpromazine equivalent level (Gardner et al. 2010 ) and entered as covariate into partial correlation analyses. For the correlation analyses Bonferroni correction was applied to control for multiple comparisons (Bonferroni-corrected ␣ ϭ 0.05/5 ϭ 0.01).
RESULTS
Behavioral results of visual catch trials.
The analysis of RTs to visual-only catch trials revealed no significant differences between SZP (1,020 ms) and HC (1,239 ms) [t(32) ϭ Ϫ1.387, P ϭ 0.175]. The HRs to visual-only catch trials (average across conditions: SZP ϭ 96.54%, HC ϭ 98.82%) were at ceiling level. Finally, HRs for visual catch trials did not significantly differ between groups (U ϭ 94.5, z ϭ Ϫ1.81, P ϭ 0.07), indicating that both groups similarly attended to visual inputs.
Behavioral results of audiovisual catch trials. The ANOVA for RTs to audiovisual catch trials revealed a significant main effect of Group [F(1,32) ϭ 11.24, P ϭ 0.002] due to faster responses in HC compared with SZP. Furthermore, there was Each trial started with the presentation of the first static frame of a video clip that was presented for a random interval ranging from 500 to 800 ms. After this frame the video clip, in which a female speaker uttered a syllable, was presented for 2,000 ms. ISI, interstimulus interval. The participants' tasks were to respond to the occasional auditory syllable /fa/ and to an occasional change of the fixation cross, which turned into a white circle. The tasks ensured that participants were attending to the sensory inputs. a significant main effect of Condition [F(1,32) ϭ 22.40, P Ͻ 0.001], indicating faster RTs for congruent compared with incongruent syllables [t(32) ϭ Ϫ4.80, P Ͻ 0.001].
The HRs to audiovisual catch trials (average across conditions: SZP ϭ 93.48%, HC ϭ 96.90%) were at ceiling level. The analysis of HRs to audiovisual trials revealed significantly lower HRs in SZP compared with HC for congruent stimuli (U ϭ 53.5, z ϭ Ϫ3.29, P ϭ 0.001). No significant group difference was found for incongruent stimuli (U ϭ 134.5, z ϭ Ϫ0.35, P ϭ 0.726). Within the HC group HRs were larger in congruent compared with incongruent audiovisual trials (z ϭ Ϫ2.878, P ϭ 0.004). No differences in HRs between congruent and incongruent trials were found in the SZP (z ϭ Ϫ0.535, P ϭ 0.593).
Global field power. The running ANOVA with the factors Group (SZP vs. HC) and Condition (low vs. high predictability) revealed a significant main effect of Condition between 206 and 250 ms after auditory onset [F(1,32) ϭ 17.25, P Ͻ 0.001; Fig. 2 ]. This effect, which was observed in both groups, was due to larger GFP for high (average across groups ϭ 0.70 V 2 )-compared with low (0.65 V 2 )-predictive syllables. Additionally, post hoc tests between high-and low-predictive syllables for congruent and incongruent trials were computed within each group. The tests revealed higher GFP in incongruent trials for high (0.70 V 2 )-compared with low (0.58 ERP topographies for the time window of the significant GFP main effect indicate a stronger fronto-central activation during high-compared with low-predictive trials (Fig. 3) . LAURA analysis identified the sources of this effect in a region encompassing the auditory cortex (Fig. 4) Oscillatory activity. The running ANOVA with the factors Group (SZP vs. HC) and Condition (low vs. high predictability) revealed a significant main effect of Group between 230 and 370 ms in the theta band, centered at 7.5 Hz [F(1,32) ϭ 7.66, P ϭ 0.015]. Across conditions, theta-band power was stronger in HC compared with SZP. The ANOVA revealed an additional main effect of Condition between 210 and 380 ms, centered at 7.5 Hz [F(1,32) ϭ 13.73, P ϭ 0.008]. This effect was due to a stronger theta-band power in high-compared with low-predictive trials. Most relevant, the ANOVA revealed a Similarly, within matched HC, the analysis revealed significant differences between incongruent low-and incongruent high-predictive trials [t(16) ϭ Ϫ5.10, P Ͻ 0.001]. For congruent trials the comparison between low-and highpredictive trials revealed no significant differences [t(16) ϭ Ϫ1.06, P ϭ 0.307].
Additionally, we calculated the difference between SZP and matched HC of theta power at baseline level. The running ANOVA with the factors Group and Predictability revealed no significant effects of Group in baseline (Ϫ500 to Ϫ100 ms; 7-8 Hz) theta-band power between SZP and HC (all P values Ͼ 0.522). Moreover, no main effects of Condition (all P values Ͼ 0.185) or interactions between Group ϫ Condition (all P values Ͼ 0.103) were found in baseline theta-band power. Finally, DICS source analysis revealed that the theta-band power effects are localized in frontal cortex, encompassing anterior cingulate cortex (ACC) and medial frontal cortex (MFC) (Fig. 7) . Frontal theta-band power between high-and low-predictive trials differed in HC but not in SZP. Figure 8 provides an overview of the effects obtained in GFP and oscillatory responses.
Relationships between EEG data, medication, and clinical symptoms. The role of the frontal theta-band power deficit for the SZ psychopathology was investigated by calculating partial correlations between the difference (i.e., incongruent minus congruent) of frontal theta-band power in the high-predictive condition, medication dosage, and PANSS scores. We used the average frontal theta-band power (7.5 Hz), which was calculated across the 10 electrodes of the central ROI. Medication dosage did not correlate with frontal theta-band power (P Ͼ 0.33). Importantly, partial correlation analyses between the theta-band power difference and PANSS scores revealed a trend toward a negative relationship with the factor Excitement (r ϭ Ϫ0.593, P ϭ 0.015). No other significant relationships were found (all P values Ͼ 0.21).
DISCUSSION
In this study we examined the neural signatures of crossmodal PE processing in SZP and HC. In both groups we observed effects of incongruence detection in GFP, which were localized in the auditory cortex. Moreover, we obtained group differences in frontal theta-band power. Theta-band power was larger for PE processing of high-compared with low-predictive audiovisual syllables in HC, whereas no such effect was found in SZP.
Audiovisual stimulus congruence modulates behavioral performance in patients and control subjects. RTs to audiovisual target syllables were longer in SZP than in HC. This is in line with previous audiovisual processing studies using simple (e.g., beeps and flashes) and complex (e.g., natural speech) Time 0 denotes the onset of the auditory syllable. The differences between incongruent and congruent trials (bottom) revealed enhanced theta-band power (i.e., 7 Hz) around 300 ms, particularly in the control group. B: topographies of fronto-central theta-band power. Bold dots at bottom (differences) denote the electrode group in which a significant Group ϫ Condition interaction was found in the 230 -370 ms interval. Theta-band power was enhanced in the control group, especially in the incongruent high condition. audiovisual stimuli, showing prolonged RTs (Williams et al. 2010 ) and decreased HRs (de Gelder et al. 2005; de Jong et al. 2009 ) in SZP, indicating a general slowing in this patient group. This is in accordance with the observation of prolonged RTs in SZP compared with HC during motor-planning tasks (Grootens et al. 2009; Jogems-Kosterman et al. 2001) . Additionally, we observed longer RTs to incongruent compared with congruent audiovisual targets in both groups. Previous studies in healthy participants have also reported facilitation effects for congruent compared with incongruent audiovisual speech stimuli (Grant and Seitz 2000) . Notably, only HC showed a higher HR to congruent compared with incongruent audiovisual targets. The HRs in SZP did not differ between conditions. This indicates that stimulus incongruence had a stronger impact on behavioral performance in HC than in SZP, which is in line with the previous finding that SZP do not benefit from congruent audiovisual information in audiovisual speech perception (Martin et al. 2013) . Finally, the HR in visual catch trials revealed no differences between SZP and HC. Consequently, we assume that both groups showed similar visual attention in the present task, which contradicts a general sensory processing deficit in SZP.
Intact audiovisual incongruence detection in auditory cortex of schizophrenia patients. The analysis of GFP revealed differences between high-and low-predictive audiovisual syllables at 206 -250 ms after auditory onset. In both groups GFP amplitude differences between incongruent and congruent trials were larger in high-compared with low-predictive stimuli.
Source estimation revealed that the effect of visual predictability on audiovisual speech processing is localized in the auditory cortex. Recent functional (f)MRI research has suggested that PEs in primary sensory areas relate to temporal predictions Noppeney 2011, 2014) . With respect to predictive coding, Lee and Noppeney hypothesized that the brain predicts the temporal evolution of audiovisual inputs and their temporal relationship. In addition, the authors predicted that the place of PE generation depends on the directionality of the audiovisual asynchrony. In our study, we used natural speech stimuli where the visual precedes the auditory signal. Hence, the leading visual signal generates the temporal prediction and the delayed auditory input is expected to generate the PE signal in the auditory cortex when the prediction is invalid. Similar to our effects in the auditory cortex, Lee and Noppeney (2014) reported that visual leading asynchrony elicits a PE signal in auditory cortices. According to the predictive coding framework, our results suggest that natural audiovisual speech stimuli evolve based on temporal regularities and enable crossmodal temporal predictions, which first become manifest in the auditory cortex. Interestingly, the pattern of effects was similar in SZP and HC. More specifically, the strength of visually induced prediction influences the processing of audiovisual speech in auditory cortex similarly in both groups. This observation is in contrast with a previous study showing differences in early processing of congruent and incongruent audiovisual speech in HC and SZP (Magnée et al. 2009 ). However, in this previous study the strength of the visual prediction upon the Fig. 7 . DICS source analysis of oscillatory power in the theta band. The source of thetaband power was localized in the medial frontal gyrus and anterior cingulate cortex. In HC crossmodal PE processing was found in frontal areas, particularly in the highpredictive condition. No such effect was observed in SZP.
auditory signal was not systematically varied. Similar to the present GFP effect, Stekelenburg et al. (2013) found no differences in ERPs to congruent and incongruent audiovisual speech around 200 ms after auditory onset between HC and SZP. Hence, the present finding indicates an intact detection of audiovisual stimulus incongruence in the auditory cortex of SZP.
Previously, Klucharev et al. (2003) examined late phonetic audiovisual interactions in healthy participants and found larger ERPs for incongruent compared with congruent audiovisual speech stimuli at 235-325 ms. Further studies revealed that sources of this late phonetic audiovisual interaction are localized in the auditory cortex (Möttönen et al. 2002 (Möttönen et al. , 2004 . The present findings also correspond with evidence from an ERP study on audiovisual speech processing in SZP and HC (Stekelenburg et al. 2013 ). This study found no group differences in P2 amplitudes in response to congruent and incongruent audiovisual speech stimuli.
Taken together, the present findings suggest that high-and low-predictive visual speech information influences stimulus processing in the auditory cortex similarly in SZP and HC. However, the degree of crossmodal prediction induced by visual speech information, i.e., high vs. low predictive, differentially modulates audiovisual processing in the auditory cortex. High-predictive visual information leads to stronger auditory evoked responses to incongruent stimuli than low-predictive visual information, indicating that predictive visual information facilitates audiovisual mismatch detection. The present study suggests that this process is widely intact in SZP.
Theta oscillations reflect impaired crossmodal prediction error processing in schizophrenia. Frontal theta-band power between 230 ms and 370 ms differed significantly between SZP and HC. We observed stronger theta-band power in highcompared with low-predictive trials in HC, whereas no such effect was found in SZP. Specifically, SZP lacked an enhanced frontal PE processing in the high-predictive condition. The effect in HC was source localized in the frontal cortex, encompassing MFC and ACC. This observation is interesting considering the results of previous fMRI studies, which focused on the anatomical structures underlying crossmodal PE processing in healthy participants (Noppeney et al. 2007 (Noppeney et al. , 2010 . Noppeney et al. (2007) proposed that crossmodal PE processing in audiovisual speech is expressed at multiple hierarchical levels, including the STG at a first phonological level, the angular gyrus at a semantic level, and the MFC reflecting a higher conceptual level. Similar to Noppeney et al. (2007) , our study shows that the audiovisual PE is found at different hierarchical levels, e.g., in the auditory cortex, presumably reflecting a first phonological level, and later in the frontal cortex, likely reflecting a higher conceptual level. In line with Noppeney et al. (2007) , we suggest that the PE signal propagates through multiple hierarchical levels during various consecutive processing stages.
Frontal areas including ACC and MFC play an important role in top-down control of attention, which is presumably reflected in modulations of theta-band oscillations (Cavanagh and Frank 2014) . Frontal theta-band oscillations have been related to cognitive control induced by conflicting and errone- ous information that required behavioral adaptation (Cohen and van Gaal 2013; Hanslmayr et al. 2008) . In this regard, it is important to differentiate the concepts of cognitive control and PE. The former relates to the inhibition of a prepotent behavioral response to adapt behavior. The latter process refers to the internal update of sensory prediction in order to optimize upcoming PE but does not necessarily involve behavioral adaptation. Hence, the absence of enhanced frontal theta-band effects during crossmodal PE processing in the present study points toward altered top-down processing, i.e., insufficient update and resolution of violated predictions, in the frontal cortex of SZP.
We also observed a trend-level negative relationship between the PE-induced frontal theta-band enhancements and the SZ psychopathology, a finding that requires validation in a larger sample. Nevertheless, the present data indicate a link between frontal theta-band oscillation deficits and SZ psychopathology. To date, the results of EEG studies with respect to correlations between positive symptoms and EEG measures are mixed. As we recently discussed in a study relating sensory gating in gamma-band power to positive symptoms (Keil et al. 2016) , the mixed results might be due to the various different approaches that have been applied in the analysis of EEG data. It could be that less temporal stability in stimulus-related EEG signals in SZP results in noisier ERP measures. The power of induced oscillatory activity is less affected by temporal variability and might thus be better suited to relate EEG activity to clinical symptoms.
Numerous fMRI studies in SZP have found relationships between altered frontal cortex activity and impairments in executive functions (Goghari et al. 2010) . With emphasis on audiovisual speech processing, visual lip movements not only provide information about the content, i.e., "what," but also about the onset, i.e., "when," of the upcoming auditory input (Arnal and Giraud 2012) . A recent study compared the McGurk fusion rate in SZP and HC at varying onset asynchronies between visual and auditory inputs (Martin et al. 2013) . The study showed that SZP compared with HC have a larger temporal window in which asynchronous audiovisual speech stimuli are perceived as synchronous. This is in agreement with the finding of enhanced simultaneity perception rates in SZP obtained in simultaneity judgment tasks using basic, i.e., semantically meaningless, unisensory (Giersch et al. 2009 (Giersch et al. , 2013 and multisensory (Foucher et al. 2007 ) stimuli. Thus the lack of frontal theta-band power enhancement in the present study might reflect, at least in part, temporal processing deficits at later processing stages in SZP. The mere detection of audiovisual incongruence, as reflected in auditory cortex activity, seems to be much less affected. Across conditions frontal theta-band power was reduced in SZP. Recently, Popov et al. (2015) found reduced frontal theta-band oscillations in SZP during the processing of color-word incongruence. Another study revealed diminished frontal theta-band power in SZP during the processing of visual motion and top-down perceptual switching (Mathes et al. 2016 ). This suggests that altered theta-band oscillations play an important role in top-down processing deficits in SZP.
Interestingly, an MEG study in healthy participants revealed violations of crossmodal predictions that were expressed in stronger coupling of beta-band (14 -15 Hz) and gamma-band (60 -80 Hz) oscillations (Arnal et al. 2011 ). In contrast, in this study we obtained oscillatory responses in the EEG and did not find clear modulations in gamma-band oscillations. MEG compared with EEG has a higher sensitivity in the measurement of high frequency oscillations (Muthukumaraswamy and Singh 2013) . Additionally, numerous studies have revealed reduced gamma-band oscillations in SZP (Gallinat et al. 2004; Leicht et al. 2010; Uhlhaas and Singer 2010) . These factors might have contributed to the absence of gamma-band modulations in the present study. It would be interesting to use MEG to examine gamma-band oscillations during crossmodal PE processing in SZP.
Summary and conclusions. The present study demonstrates a crossmodal PE processing deficit in SZP. In auditory areas we observed similar processing of audiovisual stimulus incongruence in SZP and HC. The increase of GFP in high-compared with low-predictive syllables suggests that the crossmodal prediction strength modulates audiovisual incongruence detection in the auditory cortex. The key novel finding is that SZP lack a crossmodal PE processing-related enhancement of frontal theta-band oscillations. The reduced frontal theta-band power presumably reflects a top-down crossmodal processing deficit. Aberrant frontal theta-band oscillations are conducive to dysfunctional crossmodal PE processing in SZ and might contribute to the recently proposed multisensory processing deficits in this patient group.
